Mapping gullies over large areas requires detailed aerophotos. Google Earth (GE) provides free access to high resolution satellite imagery, but is the quality good enough to map gullies reliably? The aim of this work was to evaluate the accuracy with which gullies in the West Gippsland region could be mapped using GE images. The area comprised the LaTrobe, Thomson and Avon catchments and extended over 11130 km 2 in Victoria, south-eastern Australia. GE images available for the West Gippsland area at the time of the study were from three sources: Cnes/Spot Image of 2.5 m ground resolution, Digital Globe of 0.6 m resolution, and GeoEye of 0.5m resolution. Gullies were identified and digitized from GE images, then transferred to GIS. After digitization of a pilot area (192 km 2 ), on both forested and agricultural land, an initial field survey was conducted in December 2010 to improve interpretation of GE images. The pilot study showed that large canopy cover in plantations and native forest precluded observation of gullies beneath. Gullies under forest canopy could only be recognized on areas felled or burnt before the image was taken. Following the pilot area evaluation, gully mapping in West Gippsland was restricted to agricultural land; forest and plantation areas, covering 64 % of the catchment, were excluded. A second, more extensive field survey was conducted in January 2011 on 39 transects to assess the accuracy (absence/presence) of the gully map on agricultural land. Gullies totaling 2385 km were mapped in agricultural areas across the region. Most gullies (87%) were located along drainage lines and were connected to streams. It was sometimes difficult to separate gully from streambank erosion. Following field observations, streams were defined as drainage lines of third or greater order (Strahler method), whereas incised first and second order drainage lines were classified as gullies. Gully density on agricultural land increased from West to East across the West Gippsland region, varying from 0.59 km/km 2 in the LaTrobe catchment, to 0.65 km/km 2 in the Thomson and 0.86 km/km 2 in the Avon catchment. The field survey showed that 26% of gullies observed were not mapped from GE images, whereas 13% of mapped gullies were not confirmed by the field survey. Mapping errors were correlated to image resolution, with higher errors associated with coarser resolution images. During the survey, 12 representative cross-sections of gullies were measured by recording the maximum depth, width, and taking a perpendicular photograph. Gullies were generally small and inactive, having a median cross section of 2.7 m 2 (1.7-4.1 m 2 interquartile range). By assuming an exponential decay of gully wall retreat in the gully stabilization phase, current gully erosion rate of active gullies was assessed at 0.02 m 2 /y. Together with the revised gully network extent, suspended sediment load originated by gully erosion in the region was estimated at 10.6 kt/y. This estimate is higher than reported in previous research, due in part to the higher gully density found in this study, as well as to differences in defining gully and streams and in erosion rate estimates. Conditions in the West Gippsland region were not ideal for appraisal of gully erosion using GE images because of the large extent of forest areas and the small gully system occurring in agricultural land. A major limitation of the method was that image resolution was too coarse to distinguish between active or inactive gully areas. Despite the limits highlighted, the use of GE images allowed appraisal of gully extent over a very large area in relatively short time and at no cost for image acquisition. An application of the method in agricultural catchments with older, larger gully systems, such as frequently found in South-east Australia, would be likely to result in much lower errors than found this case study. We conclude that interpretation of GE images for rapid appraisal of gully extent on large areas is a useful approach particularly where old, well developed gully systems are prevalent in agricultural/cleared land. Further work, confirmed by field survey verification, would be useful.
INTRODUCTION
Gully erosion in South Eastern Australia is an important contributor of sediments and nutrients to waterways (Prosser et al., 2001; Wilkinson et al., 2009) . The amount of suspended sediment generated by gully erosion can be assessed as (Whitford et al., 2010) :
where S is the suspended sediment load of the gully system (t/y); l is the total length (m) of gully network; r t is the erosion rate (i.e. annual increase of gully cross section by retreat of sidewalls; in m 2 /y) at time t (usually contemporary); ρ is the density of sediments (t/m 3 ); and ∆ is the fraction of gully wall particles contributing to suspended sediments, i.e. of diameter < 63 μm (Rustomji, 2006) . This approach is widely adopted in semi-distributed sediment budget models, such as SedNet (Prosser at al., 2001; Hancock et al., 2007; Wilkinson et al., 2009) and CatchMODS (Newham et al., 2004) .
The application of Eq. (1) requires assessing the extent of the gully system l and the current gully erosion rate r t . Gully mapping over extensive areas requires access to good quality aerophotographs (Whitford et al., 2010; Desprats et al., 2011) . The availability of very high resolution satellite imagery, such as Geo-Eye, QuickBird or Ikonos, is providing new avenues for quick appraisal of gully network over large areas. In the Mediterranean region, Shruthi et al. (2011) has successfully extracted gully erosion features using very high resolution Ikonos and Geo-Eye-1 images and semi-automatic image analysis techniques. In another Mediterranean catchment, Desprats et al. (2011) detected 84.1% of permanent and ephemeral gullies by visual interpretation using Quickbird. Detection of linear erosion features depends on the ground resolution of the imagery in relation to the feature width, with easier detection of features that are wider than the image ground resolution. Timing of the image is also important, particularly for small or ephemeral features that may be erased by tillage operations or covered by vegetation canopies (Desprats et al., 2011) . Because of shadow effects on panchromatic aerophotos or images, the width/depth ratio of the gully is also important: shallow and large gullies are easier to detect than narrow and deep ones (Giménez et al., 2009 ).
Acquisition of very high ground resolution satellite images remains however expensive. Conversely, Google Earth (GE) provides free access to very high resolution satellite images, albeit with a reduced spectral and spatial resolution (Potere, 2008) . In Australia, GE imagery ground resolution is usually 2.5 m or better; and horizontal position accuracy has been estimated at 22.6 m RMSE (Potere, 2008) . Such high resolution imagery provides an appealing data source for mapping permanent gully systems that prevail in Southeast Australia (Wasson et al., 1998) . This study aimed at evaluating the accuracy with which permanent gullies in the West Gippsland region in Victoria, south-eastern Australia, could be mapped using GE images.
METHODS

The West Gippsland region
The West Gippsland region covers an area 11130 km 2 in Victoria, south-eastern Australia and encompasses the LaTrobe, Thomson and Avon catchments (Figure 1 ). The three rivers drain to Lake Wellington, which is the westernmost lake of the iconic Gippsland Lakes, an area of national and international ecological importance. Altitude ranges from sea level at the lake to 1720 m in the Alpine region in the north. The Strzelecki range in the south-west of Latrobe catchment reaches lower altitudes (<750 m, Figure 2 ), but slopes can be steep or very steep. The region's main land cover comprises of forestry (native and plantation) in the mountain range, covering about 64% of the land, and beef and dairy pastures on the cleared hills and flats, covering about 21% of the region. Minor land uses are horticulture and sheep grazing pastures.
Figure 1. The West Gippsland region
Gully erosion in the region has been previously estimated to contribute in the order of 4.3 kt/y of sediment to the Gippsland Lakes (Hancock et al., 2007) . Information regarding gully extent was limited to a study that estimated gully density in Victoria based on aerophotointerpretation and surveys conducted in the 1970s and 1980s (Ford et al., 1993; Victorian Resources Online, 2011 ) and a detailed, local study in the southern hills of the LaTrobe river (Rutherfurd, 1994) .
Gully mapping
GE images available for the West Gippsland area at the time of the study dated from 2009 to 2010 and were of three sources: Cnes/Spot images of 2.5 m ground resolution, DigitalGlobe of 0.6 m resolution, and GeoEye of 0.5m resolution. To facilitate the recognition of gullies, a stream network layer at scale 1:25000 (Corporate Geospatial Digital Library, 2010) and a subcatchment map were imported into GE. The subcatchment map divided the regions in subcatchments to approximately 40 km 2 in size, derived from a 20-m pixel Digital Elevation Model (DEM) using automatic catchment delineation tools (ArcGIS). The subcatchment map was used to help track the process of gully recognition. Gullies were recognized in the GE images and delineated. Whitford et al. (2010) proposed a simple gully classification system according to connectivity, size, and activity of erosion. A gully is assumed as being connected to a stream or waterway if its mouth reaches the stream network, and disconnected if the sediments are deposited in fans away from the stream network. Size relates to the width of the gully, >5m in width being classified as a major gully and <5m as minor. Activity refers to whether the gully is actively eroding (i.e. mostly bare walls and bed) or not (i.e. mostly vegetated/mossy walls and bed). The size and degree of activity of gullies could not be assessed from GE images and therefore, gullies were only classified by connectivity. Gullies were considered connected if they reached the stream network layer.
Gullies developing along drainage lines can sometimes evolve into small streams. To set a clear distinction between streams and gullies, following the field survey, streams were defined as drainage lines of third or greater order using Strahler (1957) method; whereas incised first and second order drainage lines were classified as gullies. Once a subcatchment was fully covered, the GE gully layer (.kml file) was exported to ArcGIS (.shp file) using the freeware conversion tool Kml2shp2 (Zonum, 2010) .
Gully mapping was initially conducted on a pilot area of 192 km 2 (1.7% of the West Gippsland region; Figure 2 ) in the LaTrobe catchment, and was followed by a limited field survey in December 2010. The survey aimed to verify the initial map and assist with the image interpretation.
The survey consisted of recording the presence of gullies crossing two transects. A transect was a road section of about 8 km in length; the presence of gullies was recorded with GPS positioning along the road and compared to the gully map.
The initial survey helped in improving image interpretation and enhanced the operator's skill in detecting gullies. It also showed that gullies under forest canopy cover could not be detected with this method. Following the pilot evaluation, gully mapping in West Gippsland was restricted to agricultural land. A second, more extensive field survey was conducted in January 2011 on 39 transects to assess the accuracy of gully detection (presence or absence) of the final map over the whole region. Again, locations at which gullies crossed the road transects were recorded with GPS and compared to the map. In addition, land use adjacent to the gully, and gully erosion activity were recorded.
Assessment of gully erosion in the region
In order to apply eq. (1) and assess gully erosion sediment loads, the current gully erosion rate r t was assessed using the method developed by Whitford et al. (2010) . The method assumes that a gully system evolves through three phases: initiation, stabilization and accretion (Wasson et al., 1998) . During the initiation phase, which may last 20-30 years, erosion rate is very high and erratic, but in the following stabilization phase erosion rate is assumed to decline exponentially over time. During the stabilization phase, by assuming an exponential decay function, the cross section of a gully and its approximate age can be used to assess the current rate of erosion in terms of annual enlargement of gully cross section (m 2 /y, Whitford et al., 2010) .
Because the gully system in the region was likely to have started around the 1890s (Sargeant, pers. comm.), the current erosion rates are assumed as being well within the stabilization phase. During the January 2011 survey, 12 representative gully cross sections were measured by recording maximum depth and width, and by taking a picture perpendicularly to the main gully direction. The pictures were analyzed using ImageJ (Rasband, 2011) to measure the cross section area (Whitford et al. 2010) . The density of sediments ρ was assumed = 1.6 t/m 3 ; and the fraction Δ of gully wall sediments contributing to suspended sediments was assumed = 0.5 after Hancock et al. (2007) .
RESULTS
Gully mapping
The pilot field survey (Figure 2) showed that of 66 gullies observed in the field, only 34 were mapped. The error sources were several. Some errors were due to an incorrect location of the gully head: for example, a gully might have been mapped as starting in a paddock, while it actually extended further upstream to a road intersection. Closer inspection of the image showed that the gully head was detectable but hard to recognize without some local knowledge. As a result of the pilot study, the image interpretation skills of the operator improved. A second, more important source of error was linked to the land use of the area. Gullies under forest and wood plantations were almost undetectable (80% unmapped), whereas gullies in agricultural land were more easily recognized (40% unmapped).
After the pilot study, gully mapping in the West Gippsland region was conducted solely on agricultural (i.e. non forested) land, and resulted in 2385 km of gullies mapped (Figure 3) . Gully density increased from east to west catchments, most likely as a result of soil type differences (e.g. Ford et al., 1993) , despite a lower rainfall gradient from west to east. Overall, gully density on agricultural land was 0.65 km/km 2 ( Table 1) .
The January 2011 survey showed that of the 160 gullies found in the field, 120 (75%) were correctly mapped using GE images. The survey also showed that 26% of gullies were not mapped from the GE images; the presence of 13% of mapped gullies from GE was not confirmed by the field survey. These errors combined indicate that the gully map is likely to underestimate gully extent even in agricultural land.
Mapping errors increased with decreasing resolution from Geo-Eye (0.5 m ground resolution; error 20%); to DigitalGlobe (0.6 m resolution; error 25%); to Cnes/Spot images (ground resolution 2.5 m; error of 32%). Figure 4 (left) shows an example of a road transect and gully mapping on images of different resolution.
Assessment of gully erosion
Surveyed gullies were generally small, mostly V shaped, with relatively stable banks due to high vegetation cover (e.g. Figure 4 ). The median width of the 12 sampled gullies was 4.7 m, and median depth was 0.5 m. Gullies were therefore mostly shallow and wide, and the minimum width/depth ratio was 3.6. The median cross section was 5.7 m 2 (interquartile range 1.7-4.1 m 2 ). Assuming an exponential rate of decay of gully erosion during the stabilization phase (Whitford et al., 2010) , the current (1990-2010) rate of sidewall erosion was estimated at 0.02 m 2 /y for active gullies. However, the gully system was relatively stable (80% inactive, from field survey), and erosion rates for these inactive gullies are likely to be an order of magnitude lower than active ones (Whitford et al., 2010) . Given the 2385 km of gully network mapped with GE in West Gippsland, the suspended sediment load originated by gully erosion with eq. (1) was estimated at 10.6 kt/y, more than double that reported previously (4.3 kt/y; Hancock et al., 2007) .
DISCUSSION
The error in mapping gullies found in this study was substantial (25%), 10% higher than reported by Desprats et al. (2011) with similarly high resolution imagery. Our study confirms the importance of resolution of imagery on map accuracy (Desprats et al., 2011) . As GE images are updated frequently in terms of improving image quality, this source of error should reduce with time. Gully detection is maximized when the image is taken at times of low ground cover (Desprats et al. 2011) . In this region, images taken at the beginning of autumn (March/April), when pasture cover is at lowest levels, would be best suited for gully detection as well as for conducting field surveys. Even the identification of gullies in the field was difficult due to high grass cover along the road sides and in pastures at the time of the survey (Dec-Jan). Unfortunately, timing of GE images is beyond our control; although dates of GE images are nowadays provided for some platforms, this information is not homogeneous across a region, and access to image archives is still limited. This remains a major limitation of using GE images for land use studies (Potere, 2008) .
Aero-photo interpretation is subject to personal perception (e.g. Shruthi et al., 2011) . Visual image interpretation depends on the operator's local knowledge and recognition skill. This study relied on a single operator to map gullies to give consistency in mapping accuracy, but the operator had no previous local knowledge of the area. Conversely, Desprats et al. (2011) image interpretation had followed extensive local surveys, so was informed by high local knowledge. Thus mapping errors could be reduced if conducted by people with substantial local knowledge. Shruthi et al. (2011) found that semi-automatic feature extraction led to higher gully mapping accuracy than visual interpretation. Similarly, Desprats et al. (2011) obtained high map accuracy with semi-automated techniques of feature extraction and interpretation. Such techniques may be used to improve GE imagery analysis as well. This warrants further research.
Gully mapping in the pilot area included forested areas. Gullies were detected on cleared/felled sites that were otherwise of difficult access, but could not be detected under intact forest cover. This limit is not restricted to GE imagery, but affects any aero-photograph technique (Desprats et al., 2011) . The field survey confirmed the presence of old and large gullies that mostly develop along the drainage lines in forested areas. Although gullies appeared to be stable and not actively eroding, not accounting for gullies in forested areas may lead to serious underestimation of gully erosion sediment loads.
Despite being limited to agricultural land, the GE gully map updates previous information on gully erosion in the region (Ford et al., 1993; Victorian Resources Online, 2011) , which is also limited to non public land. The GE map confirmed the east-west increase in gully density across the region, and the high gully densities in the Thompson-Macalister and Avon catchment foothills. However, gully densities were higher than previously reported. Importantly, the GE gully map highlights extensive gully erosion in the west and southern hills of the LaTrobe catchment, thus enlarging the Rutherfurd (1994) dataset in this catchment.
The contribution of gully erosion to sediment loads in waterways does not only depend on gully extent; gully connectivity to waterways, size and activity status are important factors (Whitford et al., 2010) . Gully erosion activity and gully size could not be assessed from GE images. However, even connectivity was difficult to assess from GE imagery: given the prevalent pasture land cover in the region, detection of depositional fans at the gully mouth was difficult, so connectivity relied to the quality of the stream network GIS layer used to support the analysis. The field survey proved essential to verify gully mapping accuracy and to add information on gully size and degree of erosion activity.
The sediment load budget assessed in this study was double that reported in Hancock et al. (2007) . The larger extent of gullies may explain in part the different estimates despite the erosion rate being smaller than in Hancock et al. (2007) . A major source of discrepancy between the two studies may also lie in the classification of gully versus streambank erosion; it is likely that several gullies mapped in this study correspond to small streams in Hancock et al. (2007) study.
CONCLUSIONS
The gully map produced for the agricultural land on the West Gippsland region using GE imagery underestimated gully presence by approximately 15%; nevertheless it represents an improved and updated dataset over previous information of gully extent in the region. This new information was obtained at low cost and in a relatively short time.
The largely forested catchments in combination with the small gully system prevalent in the region were not ideal conditions for mapping gullies using GE. Given the ever increasing quality of GE images, application of the method in agricultural catchments with older, larger gully systems, as frequently found in South-east Australia, will likely result in higher accuracy than found in this study. The application of semi-automated techniques of feature extraction and interpretation my further improve accuracy and speed of data generation; this warrants further research.
The free availability of geo-referenced images makes Google Earth a valuable and cheap source of landscape information that can be used for a first rapid appraisal of landscape processes. Field verification remains essential to assess map accuracy and provide information on the size and activity of the gully system.
